The location of membrane-associated proteins of vesicular stomatitis virus was investigated by using two monofunctional and three bifunctional probes that differ in the degree to which they partition into membranes and in their specific group reactivity. Two hydrophobic aryl azide probes, [' I]5-iodonaphthyl-1-azide and [3H]pyrenesulfonylazide, readily partitioned into virion membrane and, when activated to nitrenes by UV irradiation, formed stable covalent adducts to membrane constituents. Both of these monofunctional probes labeled the glycoprotein G and matrix M proteins, but ['"I]5-iodonaphthyl-l-azide also labeled the nucleocapsid N protein and an unidentified low-molecular-weight component. Protein labeling of intact virions was unaffected by the presence of cytochrome c or glutathione, but disruption of membrane by sodium dodecyl sulfate greatly enhanced the labeling of all viral proteins except G. Labeling of G protein was essentially restricted to the membrane-embedded, thermolysin-resistant tail fragment. Three bifunctional reagents, tartryl diazide, dimethylsuberimidate, and 4,4'-dithiobisphenylazide, were tested for their capacity to cross-link proteins to membrane phospholipids of virions grown in the presence of [3H]palmitate. Only G and M proteins of intact virions were labeled with 3H-phospholipid by these cross-linkers; the reactions were not affected by cytochrome c but were abolished by disruption of virus with sodium dodecyl sulfate. Dimethylsuberimidate, which reacts with free amino groups, cross-linked 3H-phospholipid to both G and M protein. In contrast, the hydrophilic tartryl diazide cross-linked phospholipid primarily to the M protein, whereas the hydrophobic 4,4'-dithiobisphenylazide cross-linked phospholipid primarily to the intrinsic G protein. These data support the hypothesis that the G protein traverses the virion membrane and that the M protein is membrane associated but does not penetrate very deeply, if at all.
Vesicular stomatitis virus (VSV) is a negativestrand RNA-containing membrane-enveloped rhabdovirus (27) that has been extensively studied as a model membrane system (18) . The virion is composed of five virus-coded proteins. N, L, and NS are associated with the nucleocapsid core; G comprises the -glycoprotein spike protruding from the viral membrane; the M protein is believed to line the interior surface of the membrane and possibly serves as the "glue" that binds the nucleocapsid to the appropriate membrane site during viral budding from the host cell (8, 14) . The M protein has also been implicated in control of viral transcription (5) . The evidence that the glycoprotein is an intrinsic membrane protein is quite compelling (18, 23, 27) . However, the assignment of M protein to a position lining the inner membrane surface is sketchier; the evidence consists mostly of resistance to proteases and surface-labeling reagents, the use of temperature-sensitive mutants, and analogy to the influenza virus M protein which appears to line the interior surface of the membrane in electron micrographs (18) . Any attempt to pinpoint the exact location of VSV M protein must reconcile studies showing that M protein is not accessible to hydrophobic azido-phospholipid probes in the interior ofthe VSV membrane (26) , although it is still close enough to the viral membrane that it can be cross-linked to phospholipids by bifunctional reagents approximately 1 nm in length (19) .
Hydrophobic aryl azide probes are being increasingly used to study protein-lipid interactions in biological membranes (20) . These lipophilic probes partition into membranous structures; when UV irradiated, the relatively stable azide functional group is converted into a highly reactive nitrene which will covalently bind to any proximal membrane constituents (9) . Use of such radioactively labeled probes permits identification of membrane-associated proteins by determination of which proteins acquire the radioactive label. An (28) and purified by thin-layer chromatography (TLC) on 2-mm-thick activated Silica Gel G, using 100% chloroform as the solvent (22 (10) as modified by Carroll and Wagner (4). Thermolysin-treated samples were electrophoresed as above but in running gels containing 17.5% acrylamide, 0.07% bisacrylamide, 0.1% SDS, 7 M urea, and 0.375 M Tris, pH 8.7, by the procedure described by Petri and Wagner (21) . Gels were stained with Coomassie brilliant blue, destained, and sliced into 1.3-mm segments. Radioactivity of samples labeled with lI was determined by counting in a Beckman Biogamma 4000; 3H radioactivity was determined by scintillation spectrometry as previously described (23) . RESULTS Structure and characterization ofprobes. The five probes used in this study are diagramed in Fig azide, respectively. They are radiolabeled and sufficiently hydrophobic that they will partition almost exclusively into membrane structures (2, 22). The PySA sulfonyl azide functional group is more polar than the INA aryl azide, and the product nitrene after UV irradiation is more reactive. Of the three cross-linking reagents used, DTPBA is the most hydrophobic; it is an aryl azide like the INA but is bifunctional and cleavable by sulfhydryl compounds. TDA is a nonhydrophobic bifunctional acyl azide with a cleavable glycol structure; it has a reaction mechanisim and selectivity similar to that of the INA and DTBPA aryl azides. DMS is a noncleavable, bifunctional bisimidate with selectivity for binding to prmiary amino groups.
[ (22) , as did the TLC results. with 1 ml of a 1-mg/ml suspension of VSV in PBS in the dark for 5 min. The concentration of ethanol was always maintained at <1%. UV irradiation was then performed for 5 min, at which time the sample was acetone precipitated twice, blown dry under a stream of nitrogen to remove the last traces of acetone, and then dissolved in 1.0 ml of SDS-PAGE buffer. After electrophoresis of ['251 ]INA-labeled VSV on 12.5% acrylamide, gels were stained for protein with Coomassie brilliant blue and then sliced into 1.3-mm pieces and counted for 125I. Fig. 2A) the reactive azide group were protruding from the membrane, it would be reduced by sulfhydryl compounds to the corresponding amine which has no labeling capability (25) . Addition of 10 mM GSH in the incubation mixture had no effect on the pattern of incorporated "2I counts (data not shown).
Studies were undertaken to determine whether the ['"I]INA probe predominantly labels that portion of the G protein that is embedded in the virion membrane. It has been shown that proteases, such as thermolysin, remove about 90% of G protein from intact VSV and leave a small (molecular weight -5,800) hydrophobic tail piece which remains in the membrane (17, 23) . VSV that had first been reacted with [125I]INA and then treated with thermolysin retained in a rapidly migrating fraction more than two-thirds of the "2I incorporated into the whole G protein (Fig. 3) (Fig. 2B) . The "2I artifact peak shown in Fig. 2A is not present in Fig. 2B mm, and then incubated with 25 U of thermolysin at 37°C for 30 min. Virus was purified by centrifugation on a gradient of 0 to 40% sucrose and 10 mM Tris, pH 7.5, at 250,000 x g for 2 h; the band of virus was collected, acetone precipitated twice, and redissolved in SDS-PAGE sample buffer, and a 50-pg sample was run on SDS-PAGE as described in Fig. 1 5 min under a nitrogen atmosphere; this was followed by UV irradiation for 5 min also under nitrogen, after which the samples were acetone precipitated twice, dried, and dissolved in 0.5 ml of SDS-PAGE buffer. [3H]PySA incorporation were low, as expected, but G and M were the only proteins of intact VSV labeled to any significant extent (Fig. 4A) Reaction of cross-linking reagents with VSV. Bifunctional reagents that can covalently link proteins to adjacent membrane components were tested to determine whether, and the degree to which, VSV proteins are associated with the virion membrane phospholipids. In these experiments, we used the three cross-linking reagents DMS, TDA, and DTBPA, the chemical structures of which are shown in Fig. 1 . Membrane phospholipids were labeled by growing VSV in the presence of [3H]palmitate, which produces the SDS-PAGE pattern seen in Fig.  6A . As expected, the only detectable 3H radioactivity was found in the G protein and in the phospholipids that migrated to the dye front. The labeling of G by [3H]palmitate was the result of a covalent attachment of fatty acid to the protein (24) .
DMS at a concentration of 2 mM was allowed to react for 2 h with VSV (0.25 mg/ml) that had been labeled with [3H]palmitate; the sample was then Folch extracted to remove most of the noncross-linked, labeled phospholipid. The protein pellet was dissolved in SDS-PAGE buffer and electrophoresed in 12.5% polyacrylamide gels. Fig. 2 and 4 except that the SDS-PAGE sample buffer for the VSV crosslinked with DTBPA did not contain dithiothreitol. Reaction conditions for cross-linking of [3HJpalmi-tate-labeled VSV with DMS, TDA, and DTBPA were as described in Materials and Methods. Identification of the radiolabeled viral proteins G and M was by matchingposition of Coomassie brilliant blue protein stain to peak of radioactivity. The cross-linked homodimers G-G and M-M were identified by estimating molecular weight. PL designates the phospholipid at the dye front.
cross-linking had occurred and produced G-G and M-M dimers which also had acquired the [3H]pahnitate label. The unlabeled peak between the G and G-G peaks could well be the G-M heterodimer (7) . The protein pattern revealed by Coomassie brilliant blue staining showed a large amount of high-molecular-weight crosslinked products, most of which did not correlate with any of the peaks of 3H radioactivity in Fig.  6B (data not shown) .
In the next experiment, 0.5 ml of VSV (1 mg/ ml) in triethanolamine buffer was allowed to react with 10 pl of freshly prepared TDA (200 mM) for 30 min, after which time the reaction was stopped by addition of 0.1 M methylamine, pH 7.7, and electrophoresed after addition of SDS-PAGE buffer. Figure 6C shows of cross-linking appears to be less since the incorporation of 3H label was lower, there were no discernible G-G or M-M dfimers, and the Coomassie brilliant blue staining indicated lesser formation of high-molecular-weight products (data not shown).
DTBPA in 95% ethanol was preincubated in the dark at a final concentration of 1 mM with 0.5 ml of VSV (1 mg/ml) in PBS for 5 min and then UV irradiated for 5 min similarly to the [3H]PySA reaction. Since DTBPA is cleavable by free sulflhydryls, protein sulflhydryl groups were blocked after irradiation by derivatization with 8 mM N-ethylmaleimide in the presence of 2% SDS. Samples were then Folch extracted and the protein pellet was dissolved in SDS-PAGE buffer in the absence of dithiothreitol. Addition Figure  6D shows the SDS-PAGE pattern of [3H]palmitate-labeled VSV reacted with DTBPA. As noted, the G protein and a G-G dimer both ran slightly faster on this gel because of the absence of any reducing agent. Only the G monomer and dimer were significantly cross-linked by DTBSA to 3H-phospholipid. (24) . Minimal crosslinking of 3H-phospholipid to G protein by TDA and to M protein by DTBPA is probably not significant; hydrophilic TDA did not appear to be a very effective cross-linker. DMS clearly linked 3H-phospholipid to both G and M proteins, whereas the highly lipophilic DTBPA preferentially linked 3H-phospholipid to the G protein.
Coomassie brilliant blue staining of the gels shown in Fig. 6 revealed that all three bifunctional reagents produced some protein-protein cross-links as well as protein-phospholipid crosslinks. When any of these reagents was reacted with virus in the presence of 1 mg of cytochrome c per ml, there was no labeling of the cytochrome c (data not shown), indicating that this system of cross-linking to labeled membrane phospholipid is measuring only membrane-associated proteins.
In contrast to the results with ['25I]INA and
[3H]PySA, addition of GSH abolished all evidence of cross-linking by TDA and DTBPA (data not shown). This was expected for the DTBPA since this reagent is a disulfide and is cleaved by sulfhydryl groups. The result with TDA indicates that this reagent's functional groups are accessible to reduction by the freely soluble GSH and therefore that the TDA is a relatively hydrophilic compound that is not labeling from the interior of the membrane. Addition of 1% SDS during any of the cross-linking reactions also abolished evidence of proteinphospholipid cross-linking (data not shown). DISCUSSION There is general agreement on membrane composition of VSV. The G protein is an integral membrane protein extending tlhrough the membrane, whereas the M protein lines the interior face of the membrane with the nucleocapsid contained inside (27) . The evidence for the membrane location of the G protein is extensive (18) PySA probe could be explained by the fact that the sulfonyl azide moiety is more polar than the aryl azide and would orient so that the reactive azide group is closer to the membrane surface. It is not sufficiently polar, however, so as to significantly protrude from the membrane surface or it would have been affected by either the hydrophilic cytochrome c or GSH incorporated in the reaction mixture.
The sensitivity of labeling by TDA to inhibition by GSH indicates that the TDA is accessible in aqueous solution and does not partition into membranes. This would explain the lack of labeling of the G protein, the membrane-associated region of which is embedded within the membrane in a nonaqueous environment. The M protein becomes cross-linked with TDA to form M homodimers (7) , presumably because its membrane association is at the surface of the membrane and accessible to the nonhydrophobic TDA.
Reaction of VSV with the [125I]INA, in addition to labeling of the G and M proteins, also produced labeling of the N protein and of some artifact that migrated with a mobility corresponding to a molecular weight of -10,000 ( Fig.  2A) . None of the other probes labeled either of these species, which stresses the importance of not relying upon the results from only one type of probe. This labeling of the N protein is probably due to the presence of hydrophobic pockets in the protein which bind the ['"I]INA and then become labeled upon UV irradiation. The N protein is experimentally difficult to work with in solution because of problems of aggregation and precipitation which may reflect this very hydrophobic character (S. U. Emerson, personal communication). The presence of the labeled peak running at -10,000 daltons was at first thought to be an artifact of the [I251]INA probe similar to that found by Cerletti and Schatz (6) . Another possibility, as recently reported by Lodish and Porter (11), could be a low-molecularweight host cell membrane protein which is specifically incorporated into the VSV membrane during viral maturation. Such a protein, however, should have been -detected by the other probes as well; therefore, the identity of this peak labeled by ['"I]INA remains obscure.
Arguments have been raised against the efficacy and specificity of aryl azide probes such as the ["2'I]INA and [3H]PySA used here (1), but our control studies seem to rebut the arguments. Analysis of the thermolysin-treated samples ( Fig. 3 and 5) showed that the labeling of the G protein was confined almost exclusively to the membrane-embedded hydrophobic tail piece portion of that protein with only minimal labeling on the protruding protease-sensitive spike portion. That these probes were not accessible to labeling of hydrophilic non-membrane-associated regions was also shown by the inability of either GSH or cytochrome c to compete for labeling by the aryl azide probes. The results from these studies with five different probes of viral membrane protein-phospholipid interaction show that, in addition to the intrinsic G protein, the M protein is in close association with the VSV membrane. This association, however, appears to be on the surface of the membrane; the M protein apparently does not penetrate the viral membrane to any great depth.
